Prion diseases are a group of fatal neurodegenerative disorders that are unique in being infectious, genetic, and sporadic in origin. Infectious cases are caused by prions, which are composed primarily of PrPSc, a posttrans-
lationally modified isoform of the normal cellular prion protein PrPC. Inherited cases are linked to insertional or point mutations in the host gene encoding PrPC. To investigate the molecular mechanisms underlying inherited prion diseases, we have constructed stably transfected Chinese hamster ovary cells that express mouse PrPs homologous to two human PrPs associated with familial Creutzfeldt-Jakob disease. One mouse PrP molecule carries a Glu -> Lys substitution at codon 199, and the other carries an insertion of six additional octapeptide repeats between codons 51 and 90. We find that both of these mutant PrPs display several biochemical hallmarks of PrPsc when synthesized in cell culture. Unlike wild-type PrP, the mutant proteins are detergent insoluble and are relatively resistant to digestion by proteinase K, yielding an N-terminally truncated core fragment of [27] [28] [29] [30] kDa. Pulse-chase labeling experiments demonstrate that these properties are acquired posttranslationally, and are accompanied by increased metabolic stability of the protein. Our results provide the first evidence that a molecule with properties reminiscent of PrPSc can be generated de novo in cultured cells.
Prion diseases are unusual neurodegenerative disorders of humans and animals that are characterized clinically by dementia and motor dysfunction, and neuropathologically by cerebral spongiosis and amyloidosis (1, 2) . These diseases arise in one of three ways: (i) by infection, (ii) by inheritance, and (iii) sporadically. Infectious cases, exemplified by kuru and experimental scrapie, are thought to be caused by prions, which are composed primarily of PrPsc, a protease-resistant isoform of the normal cellular protein PrPC (3, 4) . Familial forms, including Gerstmann-Straussler syndrome, fatal familial insomnia, and about 10% of the cases of Creutzfeldt-Jakob disease, are linked in an autosomal dominant fashion to insertional and point mutations in the gene that encodes PrPC (5) .
The central molecular event underlying all three forms of prion diseases is likely to be a posttranslational alteration of the PrPC molecule that transforms it into PrPsc (6) . The structural details of this transition are uncertain, but may involve conversion of a-helices into /3-sheets in critical regions of the polypeptide chain (7) (8) (9) . In infectious forms of the disease, the conversion is thought to be induced by a speciesspecific interaction between PrPsc in the inoculum and PrPC in host cells, a model consistent with experiments on mice carrying ablated or heterologous PrP genes (10) (11) (12) . The conversion is postulated to occur spontaneously in PrPC molecules carrying disease-specific mutations, as suggested by the appearance of PrPsc in the brains of patients with inherited prion diseases (2, 13).
Elucidation of the molecular mechanisms underlying generation of PrPsc requires cell culture models where the process can be dissected and experimentally manipulated. Scrapieinfected neuroblastoma and hamster brain cells have provided useful models of infectious forms of prion disease (14) (15) (16) .
These permanently infected cell lines produce low levels of PrPsc, which is identifiable by its detergent insolubility and protease resistance, as well as by its infectivity in animal bioassays.
There has been no comparable cell culture model for inherited prion diseases. To develop such a system, we have expressed PrP molecules carrying disease-related mutations in cultured Chinese hamster ovary (CHO) cells, and analyzed the biochemical properties of the mutant proteins. We have previously shown that a mouse PrP (moPrP) molecule carrying six additional octapeptide repeats, an insertion homologous to one in human PrP associated with familial Creutzfeldt-Jakob disease, displays an abnormally tight association with the plasma membrane, as revealed by retention of the protein on the cell surface following enzymatic cleavage of its glycosylphosphatidylinositol anchor (17) . We now significantly extend these observations by showing that this mutant protein, as well as a second moPrP carrying another Creutzfeldt-Jakob disease-related mutation, acquires biochemical properties of PrPsc in cultured CHO cells.
MATERIALS AND METHODS
PrP Constructs and Cell Lines. CHO cell lines expressing PG11 moPrP have been described (17) . The E199K mutation was introduced into moPrP using recombinant PCR, and the resulting cDNA was cloned into the expression vector pBC12/ CMV and stably transfected into CHO cells as described (17) . A single subcloned line was analyzed for each construct, although similar results have been obtained for pools of transiently transfected cells (data not shown).
Assay of Detergent-Insolubility. Confluent cultures of CHO cells were labeled for 20 min in methionine-free MEM containing Trans35-Label (ICN) (250 p,Ci/ml; 1,000 Ci/mmole), and chased for 3 h in Opti-MEM (GIBCO). Cells were then lysed at 4°C in a buffer that contained 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 50 mM Tris HCl (pH 7.5), plus protease inhibitors (1 ,ug/ml pepstatin/1 ,ug/ml leupeptin/0.5 mM phenylmethylsulfonyl fluoride/2 mM EDTA). Lysates were centrifuged at 4°C, first at 16,000 x g in an Eppendorf microcentrifuge, and then at 265,000 x g in the TLA 100.3 rotor of a Beckman model Optima TL ultracentrifuge. Immunoprecipitation of moPrP in pellet and supernatant fractions was performed using antibody P45-66 (17) 
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described (18) , with the modification that immunocomplexes were collected using protein A-Sepharose. Samples were treated with N-glycosidase F before immunoprecipitation to produce a single band of deglycosylated PrP that could be more easily quantitated (18) . Immunoprecipitated proteins were analyzed by SDS/PAGE and radioactive gels were quantitated using a Phosphorlmager (Molecular Dynamics).
Assay of Protease Resistance. Proteins were methanol precipitated from metabolically labeled cell lysates, digested with proteinase K, and resuspended in detergent-lipid-protein complexes for immunoprecipitation of PrP, all as described (19) . Immunoprecipitations used anti-ME7 antibody (a gift of Rick Kascsak, Institute for Basic Research, Staten Island, NY), which was raised against PrP 27-30 from scrapie-infected mouse brain; although this antibody reacts with both mouse and hamster PrP, CHO cells do not synthesize detectable levels of endogenous hamster PrP (data not shown), so that only recombinant moPrP is detected. Unlabeled lysates were treated with proteinase K, and proteins were precipitated with methanol before immunoblotting with either P45-66 or 3F4 (20) antibodies.
RESULTS AND DISCUSSION
We have constructed stably transfected CHO cells that express two moPrPs carrying mutations homologous to those that have been genetically linked to familial Creutzfeldt-Jakob disease ( Fig. 1 ). PG11 moPrP contains six octapeptide repeats in addition to the normal five, and its human homologue has been described in a large English pedigree spanning seven generations (21-23) and, more recently, in two other families (24, 25) . E199K moPrP carries a Glu -> Lys substitution at codon 199, and its human homologue (E200K) has been identified in several families of Libyan-born Jews (26, 27) , as well as in families originating in a number of other countries (27) (28) (29) .
Wild-t
Three biochemical properties have been widely used as markers for PrPSc, the isoform that accumulates in the brains of humans and animals afflicted with genetic, infectious, and sporadic forms of prion disease (2). These include (i) aggregation or insolubility in nondenaturing detergents, (ii) relative resistance to protease digestion, and (iii) increased metabolic stability. We undertook to determine whether the mutant moPrPs expressed in CHO cells exhibited any of these properties.
To test detergent insolubility, we centrifuged detergent lysates of [35S]methionine-labeled cells at 265,000 x g for 40 min, a protocol that sediments PrPSc but not PrPc (30) (Fig.  2A) . We observed that both mutant PrPs were significantly more insoluble than wild-type PrP, with '90% of the PG11 protein and '60% of the E199K protein pelleting, compared with -15% for the wild-type protein (Fig. 2B) . The difference in sedimentation behavior between E199K than PG11 suggests that the two mutant proteins form aggregates of different sizes, and is reminiscent of the variation in the sedimentation properties of PrPSc derived from different strains of scrapie (31) .
Digestion of PrPSc by proteinase K cleaves the molecule between amino acid residues 88 and 89, resulting in a proteaseresistant fragment of 27-30 kDa (designated PrP 27-30); under the same conditions, PrPc is totally degraded (4) . To assess the protease resistance of moPrPs expressed by CHO cells, we digested proteins extracted from metabolically labeled cells with 3.3 ,ug/ml of proteinase K, and then isolated moPrP by immunoprecipitation (Fig. 3A) . We observed that after 10 and 20 min of digestion, significant amounts of immunoreactive PG11 and E199K moPrP remained, while wild-type PrP was completely degraded (Fig. 3B ). This result is not attributable to variations in the amount of protein substrate, because similar amounts (to within 20%) of both total protein and radiolabeled moPrP were present in all samples before digestion. In other experiments using clones of transfected cells displaying differing levels of moPrP expression, we have always 16 ,000 x g for 5 min to remove nuclei and cell debris, and then recentrifuged at 265,000 X g for 40 min. moPrP in the pellet and supernatant fractions from the second centrifugation were immunoprecipitated using antibody P45-66. The arrowheads indicate PrPspecific bands, immunoprecipitation of which is blocked when the antibody is preincubated with the peptide immunogen (not shown). Molecular weight markers are in kilodaltons. (B) PrP bands from the experiment shown in A and from two additional experiments were quantitated using a Phosphorlmager, and the distribution of each protein in the pellet and supernatant fractions from the 265,000 x g centrifugation was determined. Each bar represents the mean ± SD.
observed that the two mutant PrPs are more protease resistant than wild-type PrP. Although some forms of PrPSc from scrapie-infected brain (33) and neuroblastoma cells (19) can withstand digestion conditions that are harsher than those used here, we note that the protease resistance of PrPsc can vary considerably, depending on the scrapie strain from which it is derived (31) and on the cell type where it is synthesized (34) .
The mutant proteins remaining after proteinase K digestion were reduced in size, with the bulk migrating as a broad band between 27 and 30 kDa, the same size as PrP 27-30 (Fig. 3A , brackets in lanes 5 and 8). To map the structure of this protease-resistant core, we used wild-type and PG11 moPrPs carrying an epitope tag that could be recognized by the species-specific monoclonal antibody 3F4 (20) (Fig. 1) . We found that proteinase K-digested PG11 moPrP reacted on immunoblots with antibody 3F4 (Fig. 3C, lane 4) but not with antibody P45-66, which recognizes the Rl and R2 octapeptides (17) (Fig. 3C, lane 8) . This result indicates that proteinase K truncates the N terminus of the PG11 protein between the end of the octapeptide repeats and the beginning of the 3F4 epitope, the same region within which cleavage of authentic PrPsc occurs (4). The result also suggests that the additional octapeptide repeats present in the PG11 molecule confer on the rest of the polypeptide chain a protease-resistant conformation that is maintained even when the repeat region is removed. We noticed that the electrophoretic migration patterns of protease-resistant PG11 and E199K PrPs were not identical (Fig. 3A, lanes 5 and 8) , a result that could be due to differences in either the protease cleavage site or glycosylation.
To analyze the kinetics with which PG11 moPrP became detergent insoluble and protease resistant, we performed pulse-chase labeling experiments. We found that amount of the mutant protein that sedimented at 265,000 x g increased from '15% to -35% of the initial label during the first hour of chase, suggesting that the detergent-insoluble form of the protein was generated, at least in part, posttranslationally ( Fig.  4A and B) . Consistent with this result, the amount of proteaseresistant PG11 protein also increased during the chase period (Fig. 4 D and E) , although the rise occurred more slowly, and the maximum amount of converted protein was lower (11% at 6 hr), indicating that not all detergent-insoluble protein is protease resistant under our experimental conditions. 7) as a result of proteolytic processing carried out by the cells themselves (30, 32) . (B) PrP bands shown in A and from two additional experiments using each protein were quantitated using a PhosphorImager. The amount of PrP remaining after 10 and 20 min was expressed as a percentage of the amount at 0 min. For lanes 2, 3, 5, 6, 8, and 9, only the region of the gel between 27 and 30 kDa, where the bulk of the protease-resistant PrP migrated, was included in the quantitation. Each bar represents the mean ± SD. Significantly more PG11 and E199K PrP than wild-type PrP were present after digestion for 10 min (**, P < 0.001) and 20 min (*, P < 0.015). (C) Detergent lysates of CHO cells expressing 3F4-tagged wild-type (WT) and PG11 moPrPs were left undigested (lanes marked -), or were treated with proteinase K (3.3 ,ug/ml) at 37°C for 10 min (lanes marked +). Proteins were then subjected to immunoblotting using either 3F4 or P45-66 antibodies. Four times as many cell equivalents were loaded in the + lanes as in the -lanes. Brackets mark the positions of PrP-specific bands.
We observed that the metabolic decay of detergentinsoluble and protease-resistant PG1l was quite slow, with substantial amounts of both forms remaining by 16 hr of chase (Fig. 4 B and E) . Presumably, the enhanced stability of the these forms accounts for the slower decay of total PG11 protein (t1l2 = 2.2 hr), in comparison to wild-type protein (tl, = 1.2 hr) (Fig. 4C) . The 265 ,000 x g, and moPrP immunoprecipitated from supernatants and pellets as described in Fig. 2 . Only the region of the gel containing the PrP bands is shown; an example of a complete gel is shown in Fig. 2A. (B (13) .
Although infectious forms of prion disease are initiated by exogenous PrPSc, whereas genetic forms involve mutationinduced alterations in the endogenous molecule, our data strongly support the idea that a critical posttranslational modification of the PrP polypeptide underlies both manifestations of the disease (6, 19, 35 
